Abstract-Terrestrial organisms in the field often are exposed to a combination of stress factors of various origins, but little is known about interactions between different types of stressors. In the present study, we demonstrate the results of a study on interactions between Ni, chlorpyrifos (CPF), and temperature in the ground beetle, Pterostichus oblongopunctatus. The results revealed that all factors, and their interactions, influenced life-cycle parameters of the beetles (survival and reproduction). Significant three-factor interactions were found for effects on beetle survival, indicating that the combined negative effect of Ni and CPF was temperature dependent. In addition, significant effects of body mass were found: The survival of beetles treated with CPF and the reproduction of beetles exposed to Ni were positively correlated with body mass. All studied endpoints were affected by temperature. The results indicate that understanding interactions between temperature and toxicants, as well as among chemicals themselves, is essential for proper ecological risk assessment.
INTRODUCTION
In the real world, organisms constantly respond to environmental conditions, and some factors can be far from optimal for many organisms and be perceived by them as stressors. These stressors can range from such natural factors as drought, radiation, or unfavorable temperatures to naturally occurring or anthropogenic toxic chemicals. All these factors may interact with each other, and the simultaneous exposure to fluctuating physical and chemical parameters may cause organisms to respond in a way that is not possible to predict from singlefactor studies.
Decades of detailed studies regarding the toxicity of various chemicals and their mixtures have provided reasonably abundant data for dozens of organic and inorganic pollutants and paved the way for several approaches toward risk assessment of toxicant combinations. Certainly, however, many natural physical and chemical parameters of the environment interact with chemicals either directly (e.g., changing their bioavailability) or indirectly (by changing organism biology and/or behavior) [1] . Knowledge about these interactions and how they affect organism fitness is surprisingly scarce [2] . Probably the most important natural factor, which may be highly variable in the field and is of major importance for the physiological state of an organism, is temperature. Those few ecotoxicological studies in which effects of temperature were investigated in terrestrial invertebrate species [1, [3] [4] [5] confirm its importance for toxic effects of pollutants and may lead to better extrapolation of results from standard ecotoxicological assays to field conditions. The present study describes the effects of multiple interactions between toxicants and a nonchemical factor in the ground beetle, Pterostichus oblongopunctatus (Coleoptera: * To whom correspondence may be addressed (a.bednarska@uj.edu.pl).
Published on the Web 11/12/2008. Carabidae). Two chemicals with different modes of action and different behavior in the environment were used in the present study: A pesticide (chlorpyrifos [CPF] ) and a metal (Ni). In many metal-polluted areas, animals may be exposed simultaneously to pesticide sprays in agricultural and horticultural systems. Pesticides are highly toxic but gradually degrade after application. In contrast, toxicity of metals is relatively low, but they do not degrade and have a tendency to accumulate in the environment and organisms [6] . Carabids represent an important level in the food chain and are poor accumulators of metals [7] , which may result from efficient mechanisms of detoxification and excretion, but Stone et al. [8] showed that beetles inhabiting metal-polluted environments are less tolerant to additional environmental stressors (food deprivation or a pesticide) compared with those from less-contaminated areas. Therefore, even if metals are not highly toxic themselves, they may have a detrimental impact on beetles when exposure occurs in combination with other chemicals and/or nonchemical stressors.
To make our present study as realistic as possible, we exposed ground beetles chronically to a metal (Ni) but only to a single pesticide (CPF) application. Industrial uses of Ni have resulted in the redistribution of a significant amount of this metal into the environment. Near smelters, Ni concentrations in soils may exceed 6,500 mg/kg [9] , and a Ni concentration as high as 22,000 mg/kg was found in smelter-contaminated soil by Everhart et al. [10] . Some insects, such as the South African beetle Chrysolina pardalina, feeding on a Ni-hyperaccumulating plant species, Berkheya coddii, have adapted to the Ni-rich environment [11] . However, Ni can be toxic for soil invertebrates, such as earthworms [12, 13] and springtails [14] . Our earlier study demonstrated that after long exposure to Ni in P. oblongopunctatus, some negative effects, such as reduced respiration rates and increased mortality, appear [5] . As a pesticide, an acetylcholinesterase (AChE) inhibitor, CPF, was chosen for the present study. Chlorpyrifos is widely used in agricultural crops, rangelands, forests, and wetlands because of its effectiveness and toxicity to target organisms [15] . Like many organophosphorous pesticides (OPs), however, it also is toxic to nontarget organisms, especially insects. Many beneficial insects, such as parasites, parasitoids, pollinators, and predators (including carabid beetles), may be affected by CPF [15] . According to the label recommendation for winter wheat, CPF is applied at a dose of 480 g active ingredient (a.i.)/ha. Assuming that this dose is applied in a volume of 1,000 L, it results in a concentration of 480 ng/l. The small droplets of 1 or 0.5 l are the common size in field pesticide application; however, the large range of droplet sizes may be produced by different application equipment. As a nonchemical factor, we used temperature (T). Temperature influences the physiological processes of beetles, such as by altering their respiratory rate, feeding activity, and locomotor activity, and thus can modify the organisms exposure and response to chemicals. Once effects of single factors (Ni, CPF, and T) have been established in preliminary studies, the effects of their combination were investigated in a full factorial design with three levels of each factor (3 ϫ 3 ϫ 3). We were especially interested in examining the extent to which joint effects of multiple interactions affected survival and reproduction of adult beetles.
MATERIALS AND METHODS

Culture of P. oblongopunctatus
The ground beetles for the main part of the experiment were taken from a laboratory culture maintained at the Institute of Environmental Sciences; this culture was established from approximately 120 adult beetles collected at an uncontaminated site near Krakow, southern Poland. More detailed information about the culture conditions has been given elsewhere [5] . For a range-finder study, adult ground beetles were collected in the field in the same area as the beetles used to establish the laboratory culture.
Experimental design
First, range-finding experiments were performed with single stressors to determine the susceptibility of P. oblongopunctatus to Ni, CPF, and temperature. The aim of the rangefinding was to select such ranges of Ni concentrations in food and CPF doses that would result in survival times long enough to allow the effects of treatments on both the death rate and the reproductive output to be differentiated. Based on the results, nominal Ni concentrations of 0 (control), 5,000, and 10,000 mg/kg dry food and CPF doses of 0, 40 and 80 ng a.i./ beetle were used for further study. Nickel chloride hexahydrate (NiCl 2 · 6H 2 O; Eurochem BGD, Warsaw, Poland) was added to the food as aqueous solution, and CPF (minimum purity, 98%; technical grade; Cheminova, Lemvig, Denmark) was diluted in acetone and dosed topically. The preliminary experiments showed that at temperatures below 10ЊC and above 30ЊC, the beetles basically did not reproduce; thus, temperatures of 10, 20, and 25ЊC were chosen for further study. At the two extreme temperatures used, 10 and 25ЊC, reproduction could be affected directly, and because of the strong dependency of invertebrate metabolism on temperature, detoxification processes could be altered as well. These temperatures are within the range of temperatures observed in the field during the reproductive season.
The full factorial design was used with three levels of each factor (Ni, CPF, and T). Altogether, 232 beetles (113 females and 119 males) were used in the experiment. The experiment started when the laboratory-cultured beetles were transferred to the second-week-of-spring conditions: 12:12-h light:dark photoperiod, 14:12ЊC light:dark relative humidity (RH) at 75%, and light intensity of 300 lux [5] . At this point, the animals were randomly allocated to three experimental groups fed either Ni-contaminated (5,000 or 10,000 mg/kg) or identical, uncontaminated food. After one week, the animals were transferred to the third-and then the fourth-week-of-spring conditions (12:12- [7, 16] . After this period, the beetles were weighed to the nearest 0.001 g (WPA 180/k; Radwag, Radom, Poland) and then dosed topically either with 1 l of pure acetone (control) or with 40 or 80 ng a.i. of CPF dosed in 1 l of acetone. One-microliter drops were applied along the suture line between the elytra and the pronotum using a Hamilton gas-tight syringe with a semiautomatic dispenser. The beetles were then split into three groups, which were transferred to climatic chambers differing only in ambient temperature (10, 20, or 25ЊC) . Following the dosing, the beetles were observed constantly for 2 h. Survival was checked during the Ni pretreatment period every third day and after the CPF dosing at approximately 3, 6, 12, 24, 36, and 48 h; then once a day for the next 30 d; and then every third day thereafter. For the first 48 h, the beetles were kept individually in plastic vials. Afterward, those that survived were coupled according to the treatment, and each pair of beetles was kept in a separate, 100-ml plastic box. Four pairs were used for each treatment. The boxes were filled to approximately three-fourths with moistened peat ( 4.5-5.0, 80% pH H O 2 water-holding capacity). Every third day, the eggs laid by the beetles were picked out and deposited individually on moist filter paper in 24-well tissue culture plates. The plates were stored at 20ЊC in darkness and controlled daily for newly hatched larvae. The larvae and emerged imagines were fed ad libitum with uncontaminated artificial food (the same as in the laboratory culture; i.e., ground mealworms mixed with ground apple with 1 g of sodium benzoesate [C 7 H 5 NaO 2 ; Fluka, Deisenhofen, Germany] per 1 kg of food as preservative) every third day.
The recorded endpoints were the lifetime (followed for 134 d since the pesticide application) and the reproduction rate, expressed as number of eggs, larvae, and adults produced per female.
Chemical analyses
To determine actual Ni concentrations in food, approximately 0.1 g dry sample of each batch was digested in 2 ml of concentrated HNO 3 (Merck, Darmstadt, Germany) with a gradual increase of temperature from 50 to 150ЊC. When a sample was mineralized, the excess of HNO 3 was evaporated to the volume below approximately 0.05 ml, and the sample was diluted to 10 ml with deionized water. Blank samples and samples of certified reference material (dogfish muscle DORM-2; National Research Council, Ottawa, ON, Canada) were included to check analytical precision. Concentrations of Ni were measured by flame atomic absorption spectrometry (AAnalyst 800; PerkinElmer, Boston, MA, USA). The detection limit (0.68 mg/L) was calculated as three standard deviations for the mean of the calibration blank measurements. The measured concentrations were within Ϯ13% of the certified reference value. Nickel concentration was expressed in mg/kg dry weight.
Statistical analyses
Data for all parameters were tested for normality (Kolmogorov-Smirnov test) and homoscedasticity (Levene's test). When those conditions were not met, statistical analyses were performed on ranks. Rank transformation was chosen because the variance of rank data is automatically stable.
Differences in the body mass of beetles between treatments and sexes were analyzed with two-way analysis of variance on ranks. Although females differed significantly from males in body mass, both sexes were combined for survival analyses as a function of time because of the low number of individuals. If a test conducted on all treatments detected statistically significant difference among survival curves ( p Յ 0.05), they were analyzed separately within each factor (Ni, CPF, or T) by conducting pairwise comparisons using log-rank test [17] . For treatments in which mortality during the experiment was large enough, the median lethal time (LT50) was estimated from the survival analysis [18] .
To quantify the relationships between the endpoints (lifetime and reproduction) and the factors (Ni, CPF, and T), the data were analyzed with the general linear models (GLM) method. Lifetime was expressed in days, and ranked number of eggs was used as the fecundity measure. The analysis started with formulating the full model-that is, testing all main factors and interactions for significance ( p Յ 0.05). For temperature, a quadratic term was included in the initial model, because the relationships between temperature and many traits of organisms frequently are best described by a quadratic model (a parabola), with an optimal temperature and lower and upper pessima. Because of the limited number of degrees of freedom, however, temperature was used only as a linear term in the interaction terms. Additionally, significance of the beetle body mass was tested in the present experiment, because all beetles were dosed with the same amount of CPF. Therefore, its effect on survival could be mass dependent. Also, the reproductive output frequently is related to body mass. The initial full model was as follows
where Y is the dependent variable studied and a1 to a17 are the estimated parameters. After running the initial model, the nonsignificant terms were consecutively removed from the model, starting with those having the highest p value, as long as only factors significant at p Յ 0.05 remained.
All beetles used in the experiment were taken into account during survival and GLM analysis. The lifetime of beetles that survived until the end of the experiments was set as equal to the test duration (134 d). This approach may have led to underestimation of the effects on survival, because the differences in lifetime between treatments in which beetles died during the experiment and those in which no mortality occurred were smaller than if the duration of the experiment would have been prolonged. Those females that did not survive the first 48 h after CPF application and, thus, were not paired, as well as those that were paired but did not reproduce, were assigned a zero reproductive rate, because in both cases, the consequences for the population growth rate were the same.
All analyses were performed using Statgraphics Centurion XV (StatPoint, Herndon, VA, USA; http://www.statgraphics. com).
RESULTS
The measured Ni concentrations in food were in good accordance with assumed nominal values. The average concentration (mean Ϯ standard deviation) of Ni in control was 10.6 Ϯ 4.2 mg/kg dry weight and 5,174 Ϯ 271 and 9,495 Ϯ 294 mg/kg at nominal concentrations of 5,000 and 10,000 mg/kg, respectively.
The mean body mass measured after the four-week Ni exposure was 0.0469 g for females and 0.0417 g for males, and the difference was significant at p Ͻ 0.0001. No statistically significant differences in body mass were found between beetles assigned to different treatments.
Survival
Because all beetles survived the four-week Ni pretreatment period irrespective of the Ni concentration in food, survival was assessed for 134 d after the application of CPF. Chlorpyrifos caused high mortality at the beginning of the experiment (especially in males), but some animals had survival equal to control beetles. The first male died after 17 h (0.71 d) at 20ЊC, 5,000 mg Ni/kg, and 40 ng CPF/beetle, and the first two females died after 40 h (1.65 d) at 25ЊC, 5,000 mg Ni/kg, and 80 ng CPF/beetle. Survival curves for all exposure conditions (27 treatments) differed significantly ( p Ͻ 0.0001) and were analyzed consecutively within each Ni, CPF, or temperature group. Survival of beetles exposed to various Ni concentrations at each temperature and pesticide combination (3 ϫ 3) is shown on Figure 1 . All control beetles at all temperatures survived until the end of the experiment. At 10,000 mg/ kg, Ni decreased the survival in all treatments, and the highest mortality was seen among animals dosed with 80 ng CPF/ beetle at two marginal temperatures, 10 and 25ЊC: LT50s (mean Ϯ standard error) were 2.54 Ϯ 1.22 d and 2.65 Ϯ 0.68 d at 10 and 25ЊC, respectively, compared to 15.7 Ϯ 20.2 d at 20ЊC. Because of the high mortality caused by CPF in these treatments, however, no differences in survival curves between Ni concentrations were found. Only at 20ЊC was the mortality of beetles dosed with 80 ng CPF/beetle and fed with either 5,000 or 10,000 mg Ni/kg significantly higher than that of beetles fed uncontaminated food ( p Յ 0.002). Moreover, no differences between 0 and 5,000 mg Ni/kg at 10ЊC as well as between 5,000 and 10,000 mg Ni/kg at 25ЊC, were found in the beetles exposed to 40 ng CPF/beetle, whereas their lifetime was significantly lower at 10,000 mg Ni/kg in comparison with those fed uncontaminated food at all temperatures ( p Յ 0.0006) when either 0 or 40 ng CPF/beetle were used (Fig.  1) .
Chlorpyrifos significantly increased mortality in the beetles not treated with Ni at 10 and 25ЊC, but no differences between temperatures were found at the two doses of CPF used. Additionally, no differences between temperatures were found in the beetles exposed to either 5,000 mg Ni/kg or to a combination of 5,000 mg Ni/kg and 40 ng CPF/beetle. Only those exposed simultaneously to 5,000 mg Ni/kg and 80 ng CPF/ beetle survived significantly better at optimal temperature compared with 25ЊC. The effect of temperature also was seen in beetles fed with 10,000 mg Ni/kg, in which, depending on the pesticide dose, the differences between 10 and 25ЊC (no CPF) or between 10 and 20ЊC (40 ng CPF/beetle) were observed. In general, a strong effect of the highest Ni concentration and the highest CPF dose was why no effect of temperature was found when these two toxicants were used in combination at their highest rates.
The statistical analysis indicated significant effects of the following variables and/or their interactions on the lifetime: Ni, CPF, T 2 , CPF ϫ mass, and Ni ϫ CPF ϫ T ( Table 1 ). The final model (i.e., the one with significant variables and interactions only) was The final model was significant at p Ͻ 0.0001 and explained approximately 47% of the total variability in the life span of P. oblongopunctatus (r 2 ϭ47.4%, adjusted r 2 ϭ46.2%) (Fig.  2A) .
Although direct effects of both Ni and CPF were negative ( p Ͻ 0.0001 for both), the heavier animals were able to survive longer when treated with the pesticide ( p Ͻ 0.0001). A weak but clearly significant ( p ϭ 0.006), third-order interaction was found between the two pollutants and temperature, indicating not only that the toxicity of the chemicals was affected by each other but also that this interaction depends on temperature. In general, the animals treated with, for example, Ni survived longer if they were exposed to CPF at lower temperatures. This can be partly seen from Figure 3 , which shows lifetime isoclines for beetles treated with different combinations of Ni and CPF at two extreme temperatures: 10 and 25ЊC. The survival also was parabolically related to temperature ( p ϭ 0.009).
Fecundity
For this part of the present study, the number of replicates (i.e., pairs that were used in the reproduction) depended on survival after CPF dosing. This was a problem especially at the highest CPF dose, at which only few individuals survived until coupling. In all 80 ng of CPF treatments, the number of replicates was lower than four, and in three treatments (10,000 mg Ni/kg ϩ 80 ng CPF/beetle ϩ 10ЊC, 10,000 mg Ni/kg ϩ 80 ng CPF/beetle ϩ 25ЊC, and 5,000 mg Ni/kg ϩ 80 ng CPF/ beetle ϩ 25ЊC), not a single pair entered the reproduction. No female reproduced at the highest Ni concentration, and at least two nonreproducing females were found at 5,000 mg/kg irrespective of CPF dose and temperature. The beetles laid 516 eggs altogether. All control beetles together laid 69, 128, and 4 eggs at temperatures 10, 20, and 25ЊC, respectively. The proportion of hatched larvae from eggs laid by control beetles at 10 and 20ЊC was 20 and 40%, respectively. Because of the low number of hatched larvae and emerged imagines, only the number of eggs produced per female was used for statistical analyses of effects on fecundity.
The GLM describing the relationship between egg production (as ranks) and temperature, body mass, Ni concentration in food, and CPF dose indicated that the following variables and/or their interactions were significant: T 2 , mass ϫ Ni, mass ϫ T, and Ni ϫ T ( Table 2 ). The final model was . Note that heavier beetles fed uncontaminated food reproduce better than smaller ones irrespective of temperatures, whereas when exposed to 5,000 mg Ni/kg, the smaller ones reproduce better at low temperatures and the heavier ones reproduce better at higher temperatures. r 2 ϭ 44.8%) (Fig. 2B ). Significant interactions were found between Ni and temperature ( p ϭ 0.03) (Fig. 4) , between body mass and temperature ( p ϭ 0.004), and between body mass and Ni ( p Ͻ 0.0001) (Fig. 5) . Similar to the lifetime, the quadratic relationship of fecundity on temperature also was visible.
DISCUSSION
Separate effects of metals, pesticides and temperature on invertebrates are well documented. Some information about joint effects of chemical and nonchemical factors also are available for terrestrial invertebrates [19] [20] [21] [22] . Nevertheless, our data are unique, because we studied three-factor interactions in a scenario that more accurately represents environmentally realistic conditions. Studies involving three factors with different modes of action are exceptional [23] , and to our knowledge, no previous studies have investigated cumulative effects of three different factors on terrestrial invertebrates.
Substantial differences in the effects of chemicals at different levels were observed. Those beetles, which were able to survive the first few days after CPF application, survived almost as long as the control beetles if they were not exposed to Ni. This probably was because of the fast degradation of CPF, which is a relatively nonpersistent insecticide with a soilsurface half-life of approximately 3 to 14 d [24] . In contrast to the pesticide, Ni toxicity was low at the beginning of the experiment, but the mortality gradually increased with increasing exposure time. A similar phenomenon was observed by Laskowski [6] for cadmium and imidacloprid in aphids and led to the conclusion that in short-term bioassays, the effects of pesticides may be overestimated whereas those of metals would be underestimated. Nickel effect was concentration dependent, resulting in higher mortality at higher concentration. From a study on Ni kinetics [25] , we know that beetles accumulate Ni to a large extent only during the first few days of exposure and, then, are able to start efficient decontamination even if they are still exposed to highly contaminated food. Because physiological mechanisms of metal detoxification probably are costly [26] , however, less resources may 870 Environ. Toxicol. Chem. 28, 2009 A.J. Bednarska et al.
be available for production (growth and reproduction) and/or maintenance [27] . Thus, it is possible that even if the beetles did not accumulate a high amount of Ni, they could suffer from its indirect effects. On the other hand, the short period of Ni accumulation observed in a 64-d kinetics study does not necessarily mean the same relationship for longer exposure time and/or different Ni concentrations. In an earlier study, we showed that after a long exposure (245 d), Ni concentration in beetles increased with increasing Ni concentration in food [5] . Barron and Woodburn [24] reported that terrestrial invertebrates are relatively tolerant to CPF exposure, and in some of the most sensitive species, contact toxicity may occur at concentrations of approximately 100 ng/insect. Indeed, the present results show that at optimal temperature, 80 ng CPF/ beetle caused only a minor, nonsignificant decrease in survival of the beetles fed uncontaminated food. A significant effect, however, was seen when the beetles were exposed simultaneously to Ni and/or different temperatures. This clearly underlines the importance of considering multiple factors in assessment of risks brought by exposure to toxic chemicals. Environmental pollution can reduce the tolerance to climatic factors, and exposure to suboptimal temperatures may enhance negative effects of toxicants. These interactions are of high importance for the viability of populations in the real world [4] . An increase in sensitivity to cold and drought stress in springtails (Protaphorura armata) exposed to pyrene was shown by Sjursen and Holmstrup [1] . Similarly, previous exposure to polycyclic aromatic hydrocarbons (pyrene and fluorine) and a detergent (nonylphenol) increased the susceptibility of the collembolan Folsomia candida to drought stress [28] , but in that same study, no effect of previous exposure to insecticide (dimethoate) on drought tolerance was observed. In other studies, the ability of springtails [29] and earthworms [30] to tolerate drought was greatly impaired by copper exposure. No general concordance, however, exists among different studies regarding the effects of metals at different temperatures. Some authors found a clear effect of temperature on metal toxicity in terrestrial invertebrates [21] , whereas others did not [3] . No general trend can be found in the metaltemperature interaction in our study, because it seems that different endpoints may be differently sensitive to such interactions. In spite of the longest reproduction period, the total number of eggs laid by females at 10ЊC was lower than the number of eggs produced at 20ЊC. We also observed that the proportion of hatched larvae was much lower in beetles cultured at 10ЊC than in those cultured at 20ЊC. Thus, 20ЊC seems to be optimal for P. oblongopunctatus reproduction even if exposed to Ni. In summary, we found that reproduction was most sensitive to Ni concentration at the lowest and highest temperature, whereas survival after exposure to Ni decreased with increasing temperature.
Stone et al. [8] showed that carabids inhabiting chronically polluted environments were less tolerant to additional environmental stressors (pesticide or starvation) compared with those from uncontaminated areas. On the other hand, longterm exposure to high levels of Ni enabled C. pardalina to cope with other stressors, including short-term exposure to the OP dimethoate [11] . Our results are in agreement with those obtained by Stone et al. [8] , because exposure to a mixture of the two chemicals resulted in a significant positive interaction observed for beetle survival, indicating a higher effect than expected from the simple sum of effects of single toxicants.
Additionally, the three-factor interaction (CPF ϫ Ni ϫ T) showed that the beetles were less sensitive to combined effect of the chemicals at lower temperatures than at higher temperatures. In ectotherms, the metabolic rate increases with temperature, which leads to increased consumption and, in consequence, may enhance assimilation of toxicants from food and intoxication of exposed animals. On the other hand, because an increase in temperature generally increases the rate of all metabolic processes, an organism can, theoretically, detoxify and/or eliminate toxicants more effectively at elevated temperatures. Thus, the final outcome, observed as internal body concentration and effects of intoxication, would depend on the balance between these two effects under different temperatures: The consumption and assimilation rates of toxicants on the one hand, and the detoxification and elimination rates on the other. In the present study, we did not measure Ni levels in the beetles cultured at different temperatures, because Nicontaminated food was present in the guts of dead animals, which would influence the results. Nevertheless, a study on Ni kinetics [25] done at five different temperatures (including those examined in the present study) did not demonstrate significant differences in the uptake and elimination rates between temperatures. Thus, the increase in Ni effect with increasing temperature probably is not caused by an elevated Ni accumulation but, rather, by effects on the metabolic rate of beetles. Similarly, Donker et al. [31] concluded that greater toxicity of zinc to Porcelio scaber at higher temperature was caused by an increase in isopod metabolism rather than by increased zinc accumulation.
The lower sensitivity of beetles to the joint effect of Ni and CPF at 10ЊC than at 25ЊC also may be connected with increased toxicity of CPF at higher temperature. As indicated by the study of Lydy et al. [32] on Chironomus tentans, the toxicity of OP pesticides can be strongly affected by changes in abiotic factors, such as temperature. Temperature influences the physical and chemical state of toxicants, and increased temperature may accelerate biotransformation of the CPF into more toxic metabolites [32] . This trend also is clear for other species and pesticides. For example, Satpute et al. [33] found that CPF was most toxic for the moth Earias vitella at higher temperatures. Similar results were reported by Brecken-Folse et al. [34] for an aquatic invertebrate, the grass shrimp (Palaemonetes spp.), exposed to two OP insecticides (terbufos and trichlorfon). Additionally, the metabolic activation of OPs may be enhanced by the presence of metals [35] , which may explain the stronger effect on survival when beetles are exposed to both pollutants simultaneously. The mechanisms by which the negative effect of a toxicant is enhanced by the presence of other pollutants may result as well from disturbances in metabolic activities of cytochrome P450 toward insecticides, inhibition of detoxifying systems, or an interaction of both processes [36] . In fact, Forget et al. [35] showed that combination of OPs with metals (arsenic and cadmium) had a synergistic effect on inhibition of AChE activity in the microcrustacean Tigriopus brevicornis. However, because Ni can generate oxidative damage to DNA and cause lipid peroxidation [37] , whereas the main target point for CPF is AChE, it also is possible that the effect of the binary mixture of chemicals on beetle survival resulted from accumulation of single negative effects specific for each chemical. We did not find any studies dealing with the effect of CPF in combination with Ni under temperature stress. Thus, the explanation of Joint effect of Ni, chlorpyrifos and temperature on carabids Environ. Toxicol. Chem. 28, 2009 871 biochemical mechanisms behind Ni and CPF toxicity and their interactions at different temperatures needs further research. The observation that even though the effect of CPF generally was negative, the heavier animals were able to survive longer after the pesticide exposure (significant interaction between body mass and CPF) is in accordance with our expectations. Because the CPF dose was the same for all individuals, the heavier animals received a smaller dose per unit mass. Also, when exposed to Ni or high temperature, the heavier beetles reproduced better (significant interactions, mass ϫ Ni and mass ϫ T). The mass ϫ Ni interaction was significant across the whole experiment, whereas the latter was found only in beetles fed with uncontaminated food. In fact, for beetles fed 5,000 mg Ni/kg, a different relationship was found, indicating better reproduction of heavier beetles, but only at higher temperatures; at low temperatures, the smaller beetles reproduced better. It must be noted, however, that the low number of animals entering the reproduction part of the experiment, especially at the highest Ni concentration, reduced the statistical power behind this notion, which probably caused the result that neither Ni nor CPF as single factors turned up as significant in the final equation describing egg production. Moreover, the conclusions from the reproduction data might be disturbed by naturally high variability in the numbers of eggs produced by this species, as observed in the present and previous studies [5, 38] .
The data obtained in our experiment indicate a rather complex relationship between chemicals and natural environmental factors, such as temperature, and show that the interactions between toxicants representing different classes of chemicals may be different at different temperatures. Such differences in the toxicity of chemicals at different temperatures clearly show that ecological risk assessment cannot rely on simple ecotoxicological tests performed under near-optimal conditions, which favor high survival and reproduction in test organisms. Such tests may lead to underestimation of pollutant impact on field populations, which regularly encounter several physical and chemical stressors simultaneously.
Results of the present study indicate that multiple stressors, such as metals, pesticides, and extreme temperatures, can lead to outcomes that are not possible to predict when studying each stressor separately. The significant and complex interactions among the chemicals and temperature indicate that even if interactive effects sometimes are difficult to interpret, an urgent need exists to study such interactions if laboratorygenerated toxicity data are to be extrapolated to the field conditions.
